ABSTRACT The time-variant vehicle-to-vehicle radio propagation channel in the frequency band from 59.75 to 60.25 GHz has been measured in an urban street in the city center of Vienna, Austria. We have measured a set of 30 vehicle-to-vehicle channel realizations to capture the effect of an overtaking vehicle. Our experiment was designed for characterizing the large-scale fading and the small-scale fading depending on the overtaking vehicle's position. We demonstrate that large overtaking vehicles boost the mean receive power by up to 10 dB. The analysis of the small-scale fading reveals that the two-wave with diffuse power (TWDP) fading model is adequate. By means of the model selection, we demonstrate the regions where the TWDP model is more favorable than the customarily used the Rician fading model. Furthermore, we analyze the time selectivity of our vehicular channel. To precisely define the Doppler and delay resolutions, a multitaper spectral estimator with discrete prolate spheroidal windows is used. The delay and Doppler profiles are inferred from the estimated local scattering function. Spatial filtering by the transmitting horn antenna decreases the delay and Doppler spread values. We observe that the RMS Doppler spread is below one-tenth of the maximum Doppler shift 2f v/c. For example, at 60 GHz, a relative speed of 30 km/h yields a maximum Doppler shift of approximately 3300 Hz. The maximum RMS Doppler spread of all observed vehicles is 450 Hz; the largest observed RMS delay spread is 4 ns.
With this article, we contribute to the dynamic mmWave vehicle-to-vehicle channel research by analyzing the effect of an overtaking vehicle on the mmWave V2V wideband (510 MHz) channel. Our experiment in a real-world street environment is designed to make the experiment as controllable as possible. The wireless link is always LOS and unblocked. We demonstrate that the size and the relative position of the overtaking vehicle greatly influences the large-scale and small-scale fading parameters.
Furthermore, Doppler dispersion is strongly suppressed by the transmit horn antenna. The data we analyze consist of channel impulse responses (CIRs) during the overtaking situations with 30 vehicles. For the statistical analysis we differentiate between cars, sport utility vehicles (SUVs), and trucks.
C. ORGANIZATION OF THIS PAPER
In Section II, we present our measurement scenario in detail.
In Section III, we analyze the receive power fluctuations as a function of the relative position of the overtaking vehicle. Regardless of the position of the overtaking vehicle and its size, approximately 50% of the receive power belongs to the channel tap corresponding to the LOS delay. Accordingly, in the following Section IV, we analyze the small-scale fading of the LOS tap. The two-wave with diffuse power (TWDP) model is briefly introduced and we show that it explains our data very well. In Section V, we focus on delay and Doppler dispersion. The analysis of the root mean square (RMS) Doppler spread is based on the local scattering function (LSF). The obtained RMS Doppler spread values are then compared against RMS Doppler spread values of commonly used models. We conclude with simple channel modeling guidelines.
D. NOTATION
We mention here only notation that is not commonly in use. Estimated quantities are marked with( ·). Functions with discrete input variables are denoted by square brackets f [·]; functions with continuous inputs are denoted by parentheses f (·). The floor function is indicated via · and the ceiling function is indicated via · . ''Corresponds to'' is symbolized with .
II. SCENARIO DESCRIPTION
We have measured a set of 60 GHz vehicle-to-vehicle channel realizations to capture the effect of an overtaking vehicle. The motivation for our setup is the scenario of two cars driving, one behind the other, keeping constant distance, and communicating via a 60 GHz mmWave link. A third vehicle then overtakes this car platoon and thus influences the wireless channel, depending on the overtaking car's relative position. 1 The vehicular channel data evaluated for this contribution consists of 30 different measurement runs. We are observing the effect of overtaking vehicles with excess speeds of up to 13 m/s. At the transmitter (TX) site, a horn antenna with an 18 • half power beam width is used and aligned towards the receiver (RX) car. Surrounding buildings are filtered out by the directive horn antenna. At the RX site, a custom-built omni-directional (λ/4) monopole antenna is used. The RX has an omni-directional pattern so that scattered 2 waves from the passing vehicle are not filtered out. This situation occurs, for example, in directional neighbor discovery [48] , where only one link end applies beamforming. Our RX equipment is put into a static (parked) car. The RX antenna is fixed to the left rear car window. Our TX is approximately 15 m behind the RX car. Single reflections at the TX car do not occur because of the directivity of the horn antenna, while double reflections involving the TX car are below the receiver sensitivity. Hence, the TX car is omitted and replaced by a simple tripod mounting. The TX and RX placement is shown in Figs. 1 and 2 .
To simplify the measurements, we do not move TX and RX, but rather keep them static, and have the overtaking car emulated by regular street traffic passing by. As indicated above, this approach is valid because interaction by houses and other static objects are negligible due to the directivity of the TX horn antenna. Due to the spatial filtering, Doppler is mainly determined by the relative velocity of the overtaking vehicle. Our case corresponds to a ''moving frame of reference''. Keeping TX and RX static makes a very accurate time and frequency synchronization possible. The frequency synchronization is achieved via a 10 MHz reference signal distribution to all clocks. The time synchronization is achieved with a marker signal that triggers the receiver when the sounding signal is transmitted. A measurement is triggered once the overtaking vehicle is driving through a first light barrier, positioned at d start . The distance d start is measured from the rear bumper of the parked receiver car. The mean velocity of the overtaking vehicle is estimated through a second light barrier, positioned 3 m after the first one. We measured the time t it took for the vehicle to arrive at the second light barrier. By means of the mean velocity estimatev and the starting point d start , we estimate the position of the overtaking vehicle at all time points m tô
where T snap is the snapshot rate, provided in Appendix B.
We hence take the front bumper of the overtaking vehicle and the rear bumper of the parked receiver car as reference planes. The distance d is thus referred to as the ''bumper to bumper distance''. The range of interest is marked via meter marks on the left-hand side in Fig 1. Memory space is limiting the recording time of our 510 MHz broadband signal to 720 ms. Due to this limitation, the recorded measurements do not necessarily cover all distances of interest. To cover the distances shown in Fig. 1 , the light barriers, triggering the measurements, are placed at three different positions. In other words, d start is varied. An exemplary light barrier position to cover the larger distances is illustrated in Fig 1. 
III. RECEIVE POWER FLUCTUATION (LARGE-SCALE FADING) DURING OVERTAKING
We have built a dedicated channel sounder for this experiment (for details see Appendix B) that provides estimates of the time-variant transfer function H [m, q]. The time index is denoted by m ∈ {0, . . . , S − 1} and the frequency index is denoted by q ∈ {0, . . . , K − 1}, where K = 103. The time-variant CIR h[m, n] with delay index n is obtained via an inverse discrete Fourier transform 3 . The CIR h exhibits a sparse structure. Therefore, the median of all samples of h is used as estimator of the noise floor [49] . All values of the CIR below a threshold that is 6 dB above this noise floor are set to zero. Similar as in [47] , we estimate the large-scale fading by applying a moving average filter of length L f . Likewise, we assume that the fading process is stationary as long as the movement of the scattering object (the overtaking vehicle) is within L c 50 λ = 50 · 5 mm = 0.25 m. The filter length L f depends on the velocity of the overtaking vehicles and is always chosen to cover L c and to extend it to the earlier and later time point by L = 10 samples [47] . It hence 3 We do not apply window functions so that the temporal resolution will not be degraded. This will be important for the data evaluation in Section IV. calculates to
The estimate of the time-varying second momentˆ [m] is then calculated aŝ
where the lower and the upper sum index are
Our scenario is dominated by the LOS component. As we keep TX and RX static, this component will always appear at the same delay tap, called n LOS . To analyze the strength of the LOS delay tap relative to all taps, we estimate the second moment of the LOS tap as well.
The delay index n LOS is calculated based on the measured TX -RX distance. Both estimatesˆ [m] andˆ LOS [m] are parameterized by the time index m. All time-dependent quantities are equally well parameterized by the relative position estimate (1) . With an abuse of notation we denote, for example,ˆ
A. STATISTICAL EVALUATION AND DISCUSSION
In this sub-section, we perform the statistical evaluation of the large-scale fading and then discuss the results. For sake of illustration, we plot the graphs on a meter based grid by roundingd to the nearest integer meter value. In all the boxplots of our contribution, the bottom and top edges of the box indicate the 25 th and 75 th percentiles. The whiskers show the 5 th and 95 th percentiles. All observations outside the whiskers are marked with crosses. The bottom panel of Fig. 3 shows the number of samples we obtain for each meter bin. Please note that the maximum number of samples (per bin) is 120, since we observed 30 vehicles and obtain 4 samples per meter.
We observe that the LOS tap captures most of the channel gain and never drops below −4 dB. Cars (in red) and SUVs (in green) show a similar trend. For both vehicle types, the relative gain of the LOS tap increases when the overtaking car is at larger distances d. The additional MPC due to the overtaking vehicle fades out and the limiting value is reached after d > 5 m. Trucks show a different trend. If a truck is close to the RX, the relative gain of the LOS tap is increased, but for larger distances it approaches a lower limiting value. This is intuitively explained by strong MPCs generated at the side wall of trucks. Whenever a truck is ''close enough'', these MPCs are not resolved in the time domain and are binned in the LOS tap.
To further study the above mentioned side-wall wave interaction effect, we analyze the gain increase of the LOS tap versus the distance. The gain increase relative to no vehicle presence (indicated as d → ∞) is plotted in the middle panel of Fig. 3 . Cars and SUVs show no effect. In contrast, overtaking trucks potentially boost the LOS gain by more than 10 dB. The median result shows an increase of approximately 2 dB.
IV. SMALL-SCALE FADING OF THE LOS TAP DURING OVERTAKING
As we discussed in the section above, the LOS tap is the dominating contribution of the channel gain. Here, we are interested in the small-scale fading behavior of this LOS tap. To suppress large-scale fading effects, the channel is normalized by the square root of the estimated second moment, that ish
As a demonstrative example, we provide the channel impulse responses and estimates of the second moment for an overtaking truck, see 
A. GEOMETRIC ARGUMENTATION FOR TWDP SMALL-SCALE FADING
The TWDP small-scale fading model assumes fading due to the interference of two strong radio signals and numerous smaller, so called diffuse, signals. In our case, the two strong radio signals are the unblocked LOS and a scattered component from an overtaking vehicle that arrives at the same delay tap. Our measurement bandwidth of BW = 510 MHz allows to resolve MPCs that are separated by a delay of τ ≈ 1/BW ≈ 2 ns or a travel distance of s ≈ c 0 /BW ≈ 60 cm. Every MPC separated less than these values is not resolved and interpreted as fading. We define the Fresnel ellipsoids for the MPCs arriving at the same time tap (bin) as the component corresponding to LOS shows the half power beam width of the TX horn. This illustrates that the distance region 0 . . . 4 m leads to a signal created by wave interaction with the overtaking vehicle that is not much weaker than the LOS component. Hence, we expect two MPCs at the same order of magnitude. In the region before, for example, −5 . . . 0 m the ellipsoid condition to experience TWDP fading is fulfilled but spatial filtering by the horn antenna suppresses the scattered component. By inspecting Fig. 5 again, one observes that the oscillatory behavior fades out after 5 m, as the overtaking truck is a rather short one. In the following subsection we briefly introduce the mathematics of the TWDP model. In Section IV-C, we focus on maximum likelihood estimation (MLE) of the model parameters and perform model selection to draw eventually statistical conclusions.
B. MATHEMATICAL DESCRIPTION OF TWDP FADING
TWDP fading was first introduced in [51] . A more extensive mathematical description was provided in [52] . For the convenience of the reader, we briefly summarize [52] . The TWDP fading model in the complex-valued baseband is given as where V 1 > 0 and V 2 ≥ 0 are the deterministic amplitudes of the non-fluctuating components. The phases φ 1 and φ 2 are independent and uniformly distributed in (0, 2π). The diffuse components are modeled via the law of large numbers as X + jY , where X , Y ∼ N (0, σ 2 ) are independent Gaussian random variables. The K -factor is defined analogously to the Rician K-factor as the power ratio of the non-fluctuating components and the diffuse components
The parameter describes the amplitude relationship among the non-fluctuating components
The -parameter is bounded between 0 and 1 and equals 1 iff both amplitudes are equal. Iff = 0, TWDP fading degenerates to Rician fading. This transition from TWDP fading to Rician fading is smooth. If the second non-fluctuating component becomes very small, it can be absorbed equally well in the diffuse components. This is discussed in detail in Appendix C.
The cumulative distribution function (CDF) of the envelope of (10) is
where Q 1 (·, ·) is the Marcum Q-function. Figure 8 shows an example of the probability density function (PDF) f TWDP (r; K , ) and CDF F TWDP (r; K , ) of the TWDP fading distribution.
C. MAXIMUM LIKELIHOOD ESTIMATION OF K AND AND MODEL SELECTION
Based on the filtered envelope measurement data of the LOS delay r[m] = h [m, n LOS ] , we are seeking the TWDP fading distribution of which the observed realizations appear most likely. To do so, we estimate the parameter tuple
For the MLE, we take all samples within the assumed stationary length of L c 50λ. The maximization is implemented as exhaustive search on a (K , ) grid specified in Appendix C. We also perform MLE for the Rician K -factor. To do so, we restrict the maximization (14) to the parameter tuple (K , ≡ 0). Taking the data of the exemplary truck (Figs. 4 to 6 ), the estimated CDFs and their evolution is shown in Fig. 9 . The three smallest distances (in Fig. 9) show CDFs where the truck is in proximity of the receive antenna. There we observe fading that is not well explained by a Rician fit.
The proposed TWDP fading model shows a superior fit. Only the last example at a distance of 6 m clearly fades according to a Rice distribution. Of course, TWDP fits must always be better than Rician fits as the Rician model is a special case of TWDP. However, the TWDP model introduces an additional parameter, which is not desirable.
Thus, to select between Rician fading and TWDP fading, we employ Akaike's information criterion (AIC). The AIC is a rigorous way to estimate the Kullback-Leibler divergence, the relative entropy based on MLE [53] . 
where the model orders U for Rician and TWDP fading are 1 and 2, respectively. We choose between Rician fading and TWDP fading based on the lower AIC value. Due to the model order penalization in the AIC we avoid over-fitting. For our exemplary truck, the fitted parameters as well as the selected model are shown in Fig. 10 .
D. STATISTICAL EVALUATION AND DISCUSSION
In this sub-section, we show the ensemble statistics of smallscale fading. Depending on the selected model, we take either the TWDP K -factor or the Rician K -factor. For Rician fits we set ≡ 0. Notice, however, that we rely then on the success of the model selection algorithm. Especially for very small -parameters, very likely, we decide for Rician fading and hence bias the found -parameters towards smaller values. This is discussed in Appendix C. Figure 11 illustrates the fitted K -factors and -parameters. The K -factor is smaller if the vehicle is closer to the RX antenna (closer to the rear bumper of the car). If the vehicle passes the static RX car, the K -factor saturates. Basically the LOS tap does not fade any longer. As mentioned above, FIGURE 9. CDF evolution over distance. The data is again from our example, see Figs. 4 to 7. For distances smaller than 5 m, TWDP fading leads to a superior fit. At first glance, the Rician model seems to achieve a good fit as well, however, the K -factors of both models are not in the same order of magnitude. Rician fading underestimates the power in the non-fluctuating components.
the vehicle size is translated to the distance d. For longer vehicles such as trucks, it takes longer until the K -factor starts rising. SUVs lie in between cars and trucks.
Next, we focus on the -parameter. We see that the length of the vehicle also affects this parameter. We observe TWDP fading, that is, > 0, whenever a part of the vehicle is still close to the RX antenna. The longer the vehicle, the longer this effect is visible. Remember that the median value has a slight negative bias, as we set to zero if we decide for Rician fading. This explains why the SUV median is zero at 2 m, although the values are spread out; since in case of SUVs, the AIC decides for Rician fading more than half of the time. The AIC model selection decisions are color-coded in the histogram in the bottom panel of Fig. 11 . The histogram in lighter shades is identical to the histogram of Figure 3 . The darker shades show the number of samples where the AIC decided for TWDP fading. Again, looking at the maximum distances where TWDP fading occurs, we see a correlation with the vehicle length.
V. DELAY-DOPPLER DISPERSION EVALUATED VIA THE LOCAL SCATTERING FUNCTION
To study the delay-Doppler dispersion of our vehicular channel, we characterize the channel by the LSF, as explained in [47] , [54] , and [55] . Similar to the previous sections, we assume that the fading process is locally stationary within a region of M samples in time and all samples in frequency domain. We hence estimate the LSF for consecutive stationarity regions in time. We use a multitaper based estimator in order to obtain multiple independent spectral estimates from the same measurement and being able to average them. The estimate of the LSF is defined as [54] 
By p ∈ {−K /2, . . . , K /2} we denote the Doppler index, and as in the previous sections, we denote by n ∈ {0, . . . , M − 1} the delay index. The delay and Doppler shift resolutions are given by τ s = 1/(K f ) and ν s = 1/(MT snap ). The time index of each stationarity region is k t ∈ {0, . . . , (S/M − 1 )} and corresponds to the center of the stationarity regions. The windowed spreading function H (G w ) is calculated by
where the tapers G w [m, q] are the DPS sequences [56] , explained in detail in [54] . The number of tapers in time domain is I = 3 and in frequency domain J = 3 . We set M = 233 which corresponds to a stationarity region of 30 ms in time. The power delay profile (PDP) and the Doppler spectral density (DSD) are calculated as a summation (marginalization) of the LSF over the Doppler domain or delay domain [54] ,
Based on the PDP and DSD, we analyze the timevarying RMS delay spread and the RMS Doppler spread.
To obtain these quantities, we use the formulas (10) - (13) from [54] . Our measurements were carried out in a street with 30 km/h speed limit. The average vehicle speed is in this order, but some vehicles significantly deviate from the average speed. To compare vehicles at different speed, the Doppler profile of each vehicle is first normalized w.r.t. to its maximum Doppler shift
Next the Doppler profile is re-scaled to a common speed of v = 30 km/h ≈ 8.33 m/s. The data post-processing for our exemplary truck is shown in Fig. 12 . Figure 12 
A. STATISTICAL EVALUATION AND DISCUSSION
The results for the whole data ensemble are illustrated in Keep in mind, however, that due to the spatial filtering of the horn antenna combined with the existence of a strong LOS, the RMS Doppler spread is less than 12% of the maximum Doppler shift (σ ν ≤ 0.12 ν max ). In the median case, σ ν is even below one-tenth of the maximum Doppler shift ν max . For comparison, a Doppler shift uniformly distributed in (−ν max , 0) yields σ ν = ν max / √ 12 ≈ 0.3 ν max , a Doppler shift distributed according to a half-Jakes' spectrum yields σ ν = ν max (π 2 − 2 2 )/(2π) 2 ≈ 0.4 ν max , Doppler spread values for known distributions is provided in Appendix D.
VI. CONCLUSION
The size of the overtaking vehicle plays a crucial role for the statistics of the vehicular channel during an overtaking maneuver. Our statistical evaluation of an overtaking process has shown that large-scale fading is essentially only influenced by very large objects such as trucks and buses. Large vehicles potentially increase the receive power through scattering on their side wall by several dB. For smaller vehicles, a change of large-scale fading was not observed.
Rician fading is a good model for small-scale fading, unless a vehicle is in the ''bandwidth ellipse'' in which case the TWDP distribution provides a better fit. The larger the vehicle, the larger is the -parameter. With the same K -factor, TWDP fading experiences deeper fades than predicted with a Rice distribution.
Furthermore, we have seen that the RMS delay spread is hardly affected by overtaking vehicles. This parameter does not need to be modeled position specific.
The analysis of Doppler dispersion has shown that the increased Doppler effect at millimeter waves is not directly translated to the RMS Doppler spread in our scenario. The RMS Doppler spread is extremely low due to spatial filtering of the horn antenna and the very strong LOS component. Only for large vehicles, this value increases significantly during overtaking. Note that the observed maximum value is a lot smaller than standard models (uniform, Jakes) would predict. The maximum observed RMS Doppler spread is approximately four times larger than the phase noise of our measurement system. A commercial system without ''perfect'' frequency synchronization or worse reference clocks will very likely not experience this relatively small increase of the RMS Doppler spread at all. The hardware setup is illustrated in Fig. 14 . Our transmitter consists of an arbitrary waveform generator (AWG). Once triggered, it continuously repeats a baseband sounding sequence. This baseband sequence described in the following subsection is up-converted by an external mixer module. The external mixer module employs a synthesizer phase-locked loop (PLL) for generating the internal local oscillator (LO). The synthesizer PLL is fed by a 285.714 MHz reference, and uses a counter (divider) value of 210 to generate the center frequency of f 0 = 59.99994 GHz. Our receiver is a Rohde and Schwarz signal analyzer (SA) R&S FSW67. Its sensitivity is P SA,min = −150 dBm/Hz at 60 GHz. All radio frequency (RF) devices are synchronized with a 10 MHz reference. When a vehicle passes the first light barrier, the AWG is triggered and plays back the baseband sequence and a sample synchronous marker signal. The marker triggers the recording of the receive samples. We directly access the IQ samples at a rate of 600 MSamples/s. From the receive IQ samples we calculate the time-variant channel transfer function H [m , q] by a discrete Fourier transform (DFT). This transforms the channel convolution into a multiplication in the frequency domain. Here m denotes the symbol time index and q = 0, . . . , 102 the frequency index. After coherent averaging over N baseband symbols, we divide the resulting channel transfer function by the calibration function, obtained from back-to-back measurements, to equalize the frequency characteristics of our equipment.
EXCITATION SIGNAL
The excitation signal generated by the AWG is a multitone waveform. The use of a multi-tone waveform affords us several advantages such as i) ideally flat frequency spectrum, ii) design flexibility, iii) controllable crest factor, and iv) high SNR through processing gain. These advantages are important for channel transfer function extraction. Using an approach similar to a procedure implemented in [57] , the excitation signal is given by
n Q , where n = 0, . . . , Q−1 is the time index and k the sub-carrier index. To minimize the crest factor of the signal, the tone phases are chosen quadratic. The crest factor is reduced in order to maximize the average transmitted power while ensuring that all RF components encountered by the excitation signals operate in their linear regions.
For the geometry of our scenario, the excess length (w.r.t. LOS length) of the MPC resulting from an overtaking car is on the order of 15 m. Ignoring multiple reflections between the parked RX car and the overtaking car, we assume that the path length difference will never be larger than 30 m. Thus, 100 ns is our maximum excess delay. To make the symbols shorter and less susceptible to inter-carrier interference caused by phase noise and Doppler, we choose the sub-carrier spacing f as large as possible. To still obey the sampling theorem in the frequency domain, we need to fulfil f ≤ VOLUME 7, 2019 (1/(2τ max )) = 5 MHz, where τ max is the maximum excess delay. With our sampling rate of 600 MSamples/s this gives Q = 121 sub-carriers spaced by f = 600 MHz/121 = 4.96 MHz. Due to the sharp (anti-aliasing) filter of the SA, from the Q = 121 sub-carriers we effectively utilize only K = 103 sub-carriers, which is equal to a measurement bandwidth BW ≈ 510 MHz. With these parameters the delay resolution of the channel sounder is τ min = 1/BW ≈ 1.96 ns. The receiver sensitivity is approximated to P RX,min = P SA,min + 10 log 10 ( f ) + 10 log 10 K = −63 dBm.
LINK BUDGET AND OTHER LIMITATIONS
For the LOS component, the propagation loss including antenna gains sums up to P L = 75.5 dB. For the design of our setup, we assume that reflected paths are P R = 10 dB weaker than the LOS component. Next, we require an SNR at each sub-carrier of the reflected component of SNR refl = 10 dB. These requirements directly translate to the necessary transmit power P TX,min = P RX,min + P L + P R + SNR refl = 32.5 dBm. The maximum power of the TX module is 7 dBm. Thus, an additional processing gain of 25.5 dB is needed. The processing gain is realized by coherently averaging over N = {480, 560, 640} multi-tone symbols. The number of averaging symbols is chosen such that the averaged channel is still aliasing free. The least processing gain for fast vehicles (N = 480) is 27 dB. Remember, our multi-tone system has a sub-carrier spacing of f = 4.96 MHz and a sounding sequence length of τ sym = 1/ f = 202 ns. The overall pulse length including 480 repetitions, sums up to T snap = 96.8 µs. Applying the sampling theorem for the Doppler support, we obtain a maximum alias-free Doppler frequency of ν max = 1/(2T snap ) = 5.2 kHz, which limits the speed of overtaking cars to v car = (λν max )/2 = 12.9 m/s = 46.5 km/h . This value is sufficient for our measurements, as the street, were the measurements took place, has a speed limit of 30 km/h. Our receiver is limited to a memory depth of approximately 420 MSamples or equivalently, with a sampling rate of 600 MSamples/s, we are recording T rec = 720 ms of the channel evolution. At 12.9 m/s this equals a driving distance of 9.29 m. An overview of the channel sounder parameters is given in Table 1 .
APPENDIX C: THE TRANSITION OF TWDP FADING TO RICIAN FADING
To study the TWDP to Rice distribution transition, we first express the -parameter, defined in (12) through amplitudes, via the power ratio
Equation (12) becomes now
The expression (22) is demonstrated in Fig. 15 with δP plotted in decibels. For δP < −20 dB even an exponential power decrease is barely translated to different values.
For → 0, depending on the K -factor, the second much weaker component might be no longer large enough to change the distribution sufficiently from the Rician distribution. Mathematically this is expressed through the variance of the diffuse components. Given that ≡ 1, σ solely depends on the K -factor [58] 
For K 0, the power of the diffuse components (in decibels) is 20 log 10 σ ≈ −10 log 10 K − 3 dB .
Hence, TWDP fading differs from Rician fading only if 10 log 10 δP −10 log 10 K − 3 dB, otherwise the second non-fluctuating component appears as strong as the diffuse components.
This behavior directly translates to the model selection algorithm. To demonstrate this, we run Monte Carlo simulations with synthetic data. Our test data is generated equivalently to the search grid used for MLE. The K -factor is linearly spaced in {0, 1, . . . , 100} and logarithmically spaced with 150 points for each decade above K = 100. The -parameter is linearly spaced in {0, 0.1, . . . , 1}. We generate 300 realizations of each pair (K , ) and perform the fitting and selection approach of subsection IV-C. A success is defined whenever AIC decides correctly for the TWDP model. The success rate of TWDP selection is plotted in Fig. 16 . We plotted on top (as red dashed line) the relationship (22) . From the considerations above, we already know that the K -factor must be at least above 3 dB. Observe that the transition region matches fairly well with those values, where the power of the second non-fluctuating component becomes as strong at the diffuse components. However, there is a minimum ≈ 0.1 where TWDP fading selection fails even for K → ∞. From Fig. 15 we read that this value corresponds to a power difference of the LOS component and the reflected component of approximately 25 dB. With the proposed approach we are hence not capable of selecting the appropriate fading distribution for smaller, weak-reflecting vehicles. The found -parameter for the statistical analysis in Subsection IV-D is therefore biased towards lower values.
APPENDIX D: RMS DOPPLER SPREAD OF KNOWN DISTRIBUTIONS
In this appendix, we derive the normalized RMS Doppler spread values σ ν for known Doppler distributions. This yields a reference for our statistical analysis.
UNIFORM DISTRIBUTION (-LEFT SIDE)
Based on 3D uniform scattering the Doppler spectrum becomes a symmetric uniform distribution. This is simply the left half of it. Hence, the Doppler is uniformly distributed within (−ν max , 0).
This assumes that the angle of arrival is uniformly distributed (in a plane). Through the non-linear cosine relationship between the angle of arrival and the Doppler shift, the Doppler spectrum becomes the ''double horn''
The RMS Doppler spread is
HALF JAKES' (-LEFT SIDE)
The half Jakes' distribution sets all positive Doppler shift to zero. Here, we re-use the result from above. We only need to calculate the mean of a half Jakes' distribution.
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